31 32 Neph proteins are evolutionarily conserved membrane proteins of the immunoglobulin 33 superfamily that control the formation of specific intercellular contacts. Cell recognition 34 through these proteins is essential in diverse cellular contexts such as patterning of the 35 compound eye in Drosophila melanogaster, neuronal connectivity in Caenorhabditis elegans, 36 and the formation of the kidney filtration barrier in mammals. Here we identify the PDZ 37 and BAR domain protein PICK1 (protein interacting with C-kinase 1) as a Neph-38 interacting protein. Binding required dimerization of PICK1, was dependent on PDZ 39 domain protein interactions and mediated stabilization of Neph1 at the plasma membrane. 40 Moreover, protein kinase C (PKCα) activity facilitated the interaction through releasing 41 Neph proteins from their binding to the multidomain scaffolding protein Zonula Occludens 42 1 (ZO-1), another PDZ domain protein. In Drosophila, the Neph homologue Roughest is 43 essential for sorting of interommatidial precursor cells and patterning of the compound eye. 44 RNAi-mediated knockdown of PICK1 in the Drosophila eye imaginal disc caused a 45 Roughest destabilization at the plasma membrane and a phenotype that resembled rst 46 mutation. These data indicate that Neph-proteins and PICK1 synergistically regulate cell 47 recognition and contact formation.
Here we show that Neph proteins interact with the BAR domain protein PICK1 (protein 83 interacting with C kinase 1) and that this interaction stabilizes Neph proteins at the plasma 84 membrane. PICK1 was first identified as an interactor of protein kinase C alpha (PKCα) (36). 85 PICK1 harbours a PDZ domain (PSD95/DlgA/ZO-1) at the N-terminus and a BAR domain 86 (Bin/amphiphysin/Rvs) at the C-terminus. BAR domains form crescent shaped dimers and are 87 involved in sensing and/or regulating membrane curvature, a prerequisite for vesicle formation 88 (11, 17, 25) . PICK1 has been shown to be involved in modulating the trafficking of neuronal 89 receptors (14) . We used the Drosophila eye imaginal disc to demonstrate that PICK1 and Neph 90 proteins are involved in common pathways in vivo suggesting a critical role for BAR domain 91 proteins in controlling important morphogenetic processes. 92 93
Materials and Methods

94
Reagents and plasmids 95 PMA (TPA, Cell Signaling Technology #9905) was used at a final concentration of 200 nM for 96 30 min. Full length PICK1 cDNA was cloned from a human podocyte cDNA library using 97 standard cloning techniques. Mouse Neph1, Neph2 and Neph3 cDNAs were cloned into a 98 modified pcDNA6 expression vector coding for the CD5 signal peptide fused to the V5-tag 99 sequence (sV5-tag) followed by restriction sites to insert the cDNA. ZO-1 plasmids have been 100 described before (16) . A membrane-bound fusion construct of the cytoplasmic domain of Neph1 101 (sIg.7.Neph1 cyt ) has been described previously (31). Antibodies were from Sigma (FLAG), 102 Serotec (mAb V5), Millipore (pAb V5), Santa Cruz (H-300 goat pAb anti-PICK1). A polyclonal 103 anti-Neph2 antibody has been described previously (12) . For Drosophila immunofluorescence 104 the following antibodies were used: rat anti-DE-cadherin (Developmental Studies Hybridoma 105 Bank), rabbit anti-Pyd (kind gift from R. Cagan), mouse anti-Rst (24A5; Fischbach lab), rabbit 106 anti-Kirre (126intra, Fischbach lab), rabbit anti-Hbs (14intra, Fischbach lab), rabbit anti-SNS 107 (Fischbach lab) . 108 5 115 Cell culture and coimmunoprecipitation 116 HEK 293T cells were transfected with the calcium phosphate method, and incubated for 24 h. 117
Cells were then washed with PBS, lysed in ice-cold IP-buffer (1% Triton X-100; 20 mM Tris 118 pH 7.5; 25 mM NaCl; 50 mM NaF; 15 mM Na 4 P 2 O 7 ; 1 mM EDTA; 0.25 mM PMSF; 5 mM 119 Na 3 VO 4 ) on ice for 15 min and centrifuged (14.000 rpm, 4°C, 15 min). Supernatants containing 120 equal amounts of total proteins were incubated for 1 h at 4°C with a polyclonal anti V5 antibody 121 (Chemicon) that was bound to Protein G Sepharose before (1 h at 4°C) or with anti-FLAG 122 antibody covalently coupled to agarose beads (Sigma #A2220). The precipitates were washed 123 three times with IP-buffer and bound proteins were resolved by 10% SDS-PAGE. 124
For endogenous coimmunoprecipitations, tissues were freshly prepared and kidneys were 125 perfused in situ with ice-cold PBS before lysis. Mouse brains and kidneys were homogenized 126 using a glass potter, cleared by centrifugation, and solubilized in lysis buffer supplemented with 127 20 mM CHAPS and 3 mM ATP. After centrifugation at 15,000 × g (15 min, 4°C) and 128 centrifugation at 100,000 × g (30 min, 4°C), cell lysates containing equal amounts of total protein 129 were precleared with protein A-sepharose and then incubated for 1 hour at 4°C with the 130 appropriate antibody, followed by incubation with 30 µl of protein A-sepharose beads for 3 131 hours. The beads were washed extensively with lysis buffer, and bound proteins were resolved by 132 10% SDS-PAGE. 133
134
RNA interference experiments 135
RNA interference experiments were done as described previously (29). In brief, shRNAs were 136 designed based on the prediction of publicly available prediction programs 137 Human immortalized podocytes (AB 8 cells) were cultivated as described previously (28). In 154 brief, cells were grown in standard RPMI 1640 medium containing 10% FCS and supplements 155 either at the permissive temperature of 33°C (in 5% CO2) to promote cell propagation or at the 156 nonpermissive temperature of 37°C (in 5% CO2) to allow the terminal differentiation. To confirm the interaction we cloned PICK1 from the human podocyte cDNA library and 230 performed coimmunoprecipitation experiments from transiently transfected HEK 293T cells. 231
These experiments indicated that PICK1 interacts with all three Neph proteins and confirmed the 232 interaction with Nephrin ( Fig. 1A) (42). The interaction could also be demonstrated for 233 endogenous proteins precipitated from mouse kidney and mouse brain lysates ( Fig. 1B and not 234 shown), suggesting an in vivo complex formation of Neph and PICK1 proteins. PICK1 is 235 expressed in podocytes as demonstrated in knockdown experiments using a human podocyte cell 236 line (Fig. 1C,D) . 237
Neph proteins contain a cytoplasmic tail that harbours a type I PDZ binding motif at the very 238 carboxyl terminus (16). Since PICK1 contains a PDZ domain we tested whether the Neph/PICK1 239 interaction is mediated via a PDZ domain-mediated mechanism. Deletion of the last three amino 240 acids representing the PDZ domain binding motif (ΔTHV) at the carboxyl terminus of Neph1, 241
Neph2 and Neph3 strongly abrogated binding to PICK1 (Fig. 1G ). Moreover, deletion of the PDZ 242 on November 8, 2016 by guest http://mcb.asm.org/ Downloaded from domain in PICK1 also abrogated the interaction (Fig. 1G ) indicating that the Neph-PICK1 protein 243 complex forms via PDZ domain mediated interactions. 244
In PICK1 a short stretch at the N-terminus of the BAR domain, identified as a coiled-coil motif, 245 mediates self association (3) (Fig. 1F ). To test whether dimerization of PICK1 may affect 246 interaction with Neph proteins, we mutated valine at position 150 and tyrosine at position 163 247 into proline. These mutations were expected to interfere with the formation of a coiled-coil 248 structure ( Fig. 1F ) and thus thought to abrogate dimerization. Co-immunoprecipitation 249 experiments using wild-type PICK1, as well as the coiled coil mutant PICK1 V150P/Y163P (cc-mut) 250
indicated that dimerization of PICK1 through the coiled-coil motif is required for the association 251 of PICK1 with Neph proteins (Fig. 1G ). Taken together, these data suggest that functional PICK1 252 dimers are able to bind Neph proteins and that the interaction is mediated through the PDZ 253 domain of PICK1 and the PDZ-binding motif within the carboxyl terminus in Neph1-3. 254 255 PICK1 and Neph proteins colocalize at the plasma membrane and in intracellular vesicles 256 derived from the plasma membrane. PICK1 has recently emerged as a central mediator in 257 regulating endocytosis and/or recycling of neuronal receptors such as AMPA-type glutamate 258 receptors (GluR2) and metabotropic glutamate receptors (mGluR7) (7, 24, 40, 14). In these 259 systems PICK1 can act in either direction: GluR2 is removed from the plasma membrane in a 260 PICK1 dependent manner, while surface localization of mGluR7 is stabilized in a PICK1 261 dependent manner (21, 24, 40). Given the specific interaction between Neph proteins and 262 PICK1, we speculated that PICK1 may be involved in recycling Neph adhesion proteins. To 263 directly test this hypothesis, we performed immunofluorescence experiments. Coexpression of 264 PICK1 and Neph proteins in Hela cells identified a colocalization of these proteins. Besides the 265 expected colocalization of the expressed proteins in the endoplasmic reticulum we found a strong 266 colocalization at the plasma membrane and in intracellular vesicles (Fig. 2) . Strikingly, 267 colocalization of Neph1 and PICK1 as well as plasma membrane staining of PICK1 was lost in a 268 deletion mutant lacking the PDZ domain ( Fig. 2 and data targeting of a control plasma membrane protein (transferrin receptor) was not affected (Fig. 3) . 276
These data indicated that PICK1 acts to stablilize Neph1 at the plasma membrane. 277 BAR domains act as sensors and/or regulators of membrane curvature (17). Since BAR domain 278 dimers bind preferentially to liposomes of specific size (25), it is not unlikely that different BAR 279 domains have slightly different geometries, which in turn determines the type of vesicle or 280 invaginated membrane that is bound (14). PICK1 may therefore associate with a certain subset of 281 vesicles. To test whether PICK1 specifically associates with Neph proteins in endocytic vesicles 282 we performed a fluorescence based endocytosis assay (Fig. 4A ). Hela cells were cotransfected 283 with sV5.Neph1 and with FLAG.PICK1. Living cells were pulse labeled with a mouse anti-V5 284 antibody, washed and transferred to 37°C for 30 min to allow internalization of protein antibody 285 complexes. After fixation the plasma membrane pool of Neph1 and the internalized Neph1 286 proteins were stained in different colors. PICK1 co-staining revealed a perfect colocalization with 287 endocytosed Neph1 originating from the plasma membrane (Fig. 4A ). Interestingly, a 288 subpopulation of the Neph1-PICK1 positive vesicles stained positive for the late endosome 289 marker Rab7, which supported the concept that PICK1 may act to recycle Neph proteins from the 290 late endosome and related compartments (Fig. 4B) . 291 292 PKC activity controls preferential binding of PICK1 and release from the plasma 293 membrane associated multidomain protein Zonula occludens 1 (ZO-1). PICK1 has been 294 shown to be important for neuronal biology such as hippocampal and cerebellar longterm 295 depression, mainly by targeting neuronal receptors to endocytosis or retrieval through a PDZ 296 domain interaction which is dependent on PKCα activity (18, 20, 37). Moreover, recent studies 297 suggested that PICK1 and PKCα act together to stabilize mGluR7 at the plasma membrane. This 298 stabilization required phosphorylation of mGluR7 by PKCα which in turn enhanced the binding 299 of mGluR7 to PICK1 (40). Since phosphorylation of neuronal receptors disrupted their binding to 300 the PDZ domain-containing scaffolding proteins such as ABP/GRIP but did not affect binding to 301 PICK1 (22) we tested whether PKCα activity also influenced binding of Neph1 to the scaffolding 302 protein Zonula occludens 1 (ZO-1). We had previously demonstrated that Neph1 binds ZO-1, a 303 large multidomain PDZ protein similarly to the GluR2-ABP/GRIP interaction (16). ZO-1 304 interacts with Neph1 at the plasma membrane providing a scaffold for Neph1 signaling activity 305 (16, 32) and it has been suggested that Neph-dependent cell recognition requires constant 306 on November 8, 2016 by guest http://mcb.asm.org/ Downloaded from remodeling of the cell junction (2, 15). Activation of PKCα with the phorbol ester PMA resulted 307 in an inhibition of ZO-1 binding to Neph1 (Fig. 5A ) without affecting the PICK1-Neph1 308 interaction ( Fig. 5B ). Of note, overexpressed PICK1 also co-precipitated with FLAG-tagged ZO-309 1 as shown in Fig. 5A . Repeated experiments revealed that this interaction was quite weak and 310 only occurred with overexpressed proteins. To test whether ZO-1 is part of the endogenous 311 PICK1 complex we used a tandem affinity purification approach and characterized the interacting 312 proteins (not shown). Although this study identified a series of specific partner proteins including 313 the published BAR domain protein ICA-69, ZO-1 was not among these candidates (not shown). 314
Inhibition of ZO-1 binding to Neph1 was strongly enhanced in the presence of PICK1 (Fig. 5A) . 315 To test whether PKCα was able to phosphorylate the cytoplasmic tail of Neph1 to control ZO-1 316 binding, Neph1 and ZO-1 were recombinantly expressed and purified and subjected to PKCα 317 phosphorylation followed by pull-down experiments. PKCα treatment resulted in direct 318 phosphorylation of the Neph1 cytoplasmic tail (Fig. 5D ) and disrupted the interaction of ZO-1 319 with Neph1 (Fig. 5C ). Consistent with these findings coexpression of PKCα with ZO-1 and 320 Neph1 inhibited the interaction in HEK 293T cells (Fig. 5E ). Taken together, these data show 321 that the Neph1/ZO-1 interaction is dynamically regulated by PKCα and PICK1 and suggest that 322 PICK1 may act in concert with PKC activity to control Neph1 recycling to the plasma membrane. Heterophilic adhesion between Nephrin-and Neph-like proteins results in remodeling contacts 331 between cells to favor their contact with the pigment cells (1, 10) . This sorting and culling 332 process results in a pattern with a precise number and position of interommatidial cells (44). 333 Double stranded RNAs corresponding to PICK1-mRNA were expressed under the control of the 334 eye specific driver GMR-GAL4, together with the RNAi enhancer dicer2 (8). Interestingly, 335 knockdown of dPICK1 resulted in a rough eye phenotype closely resembling the rst phenotype 336 (Fig. 6) . The phenotype was confirmed using two independent RNAi lines (Fig. 6E,F) . To 337 on November 8, 2016 by guest http://mcb.asm.org/ Downloaded from demonstrate that the PICK1 phenotype was dependent on the Neph function we tested for genetic 338 interaction and made use of the weak allele rst 3 (41). The presence of one rst 3 allele in females, 339 which have one intact copy of the rst gene on the X-chromosome, and one copy of the GMR-340 GAL4 transgene on the second chromosome, leads to a very mild phenotype. These flies 341 demonstrated almost wild type patterned eyes (Fig. 7, first column) . In males, however, the weak 342 rst 3 phenotype was displayed (Fig. 7, second column) . The addition of RNAi-mediated 343 knockdown of dPICK1 using GMR-GAL4, without the RNAi enhancer dicer2, did not show any 344 dramatic effect in females carrying one rst 3 allele (Fig. 7, third column) . However, adding the 345 PICK1 knockdown to the rst 3 allele in males (still in the absence of dicer2) resulted in a dramatic 346 enhancement of the phenotype clearly confirming the genetic interaction ( Fig. 7, last column) . 347
Taken together these data indicated that PICK1, very similarly to the mammalian situation, acts 348 to support Neph/Roughest function in the fly. 349
To examine the PICK1 function in the fly eye in greater detail we analyzed Neph and Nephrin 350 like proteins, collectively known as IRM proteins (10), during eye development and stained pupal 351 eye discs at a morphogenetically highly active stage (18-19 hr APF). Interestingly, dPICK1 352 knockdown did not result in an obvious subcellular redistribution of IRM proteins in cells of the 353 eye discs (Fig. 8 ). However, we realized that the fluorescence intensity was generally weaker in 354 the dPICK1 knockdown eye discs as compared to controls. Quantification of the fluorescence 355 intensity confirmed this effect (Fig. 8B,C) . Knockdown of dPICK1 in the fly eye resulted in a 356 significant decrease of Rst and Kirre expression at the plasma membrane but did not affect the 357 expression of other proteins (E-cadherin, Pyd, SNS) ( Fig. 8 B,C 
